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1. A mctlnvl tor eMimating the contribution, due to individual ones of a pluralitv 
of planet vicars in an epicyciic gcaibox having a ring gear. in. a vibration sig:u»i 
generated by sensing vibration of a ring gear of the gearbox a; a location on the rin>: 
gear during operation of the gearbox, comprising tillering the vibration signal h\ 
application of filter functions which nu\!els the time variation of the vibration signal at 
Said location which would occur if only respective ones of said pianel gear were present. 
Slid functions, for individual planet gear and. being of form; 



where f v is the frequency of rotation of the planet carrier; 

a and n arc constants; 

P is the number of planet gear;; and 

t is time. 

or said filter function bcinc of form 



P,(*)^..co^-2|i)))' 



./2 
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where <{> is the angular position of the planet carrier; 

P identifies the individual planet gear; 
a and n arc constants; and 
P is the number of planet gears; 

wherein the niter functions (} p satisfy the following: 
p-i 

00 P,(40 = constant for all <J> and, 

(*) £ P P (* f *2^-r)= constant for all ({> 
4-0 

where <}> is the angular position of the planet carrier; 
N p is the number of teeth on the planet gears; 
N, is the number of teeth on the ring gears; and 

N is the number of rotations of the planet gear over which the signal averaging 
is performed; and 

said constant n is in the range 0 to P-I; and 

the filtered signal is averaged to produce measures of said contributions. 
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The following statement is a full description of this invention, including the test method 
of performing it known to us: 



This invention relates to a method of performing selective signal averaging of 
vibration data from cpicyclic gearboxes. The method provides separate signal averages 
for the individual planets based on an estimate of each planet's contribution to the total 
vibration signal. 

Signal averaging has proved a useful vibration analysis tool for detecting faults 
in gears. However, there has been a problem in applying the technique to cpicyclic 
gearboxes. An cpicyclic gearbox lias a number of planet gears which all mesh with a 
sun gear and a ring gear, the planet gears being mounted lor rotation on a carrier which 
itself rotates about the sun gear. The problems encountered when atiempling to perform 
a signal average for components within an cpicyclic gearbox are twofold. Firstly, there 
arc multiple tooth contacts, with each planet geais being simultaneously in mesh with 
both the sun and ring gear, and secondly, the axes of the planet gears move with respect 
to both the sun and nug gears. 

An earlier method of per forming selective signal avciagingou cpicyclic gearboxes 
is described in AKL (1,2) which was claimed to be successful in delecting faults on 
. individual planet gears. However, this method is somewhat tedious to . implement, 
requites a relatively long time to pet form even a small number of averages and requires 
selective chopping up of the time signal which introduces discontinuities in the signal 
average. 

According to the present invention (here is piovidcd a method lot estimating the 
contribution, due to one of a plurality of planet geais in an cpicyclic gearbox having a 
ring gear, in a vibration signal generated by sensing vibration of a ring gear of the 
gearbox during operation of the geaibox. comprising tillering the vibration signal by 
.application vf a uiui unction v»huh models lire umc vauaiion oi inc. \ rotation Mguat ai 
said location which would occur if only said one planet gear were present. 

The invention also provides a method for extracting a signal representing average 
vibration of one. planet gear among a plurality of planet geais of an cpicyclic geaibox. 
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In this .method, a filtered signal for the one planet gear is averaged in such a way 
. that the mean effect of the filter function is substantially constant, or at least be 
dctcrminiblc and comparitablc. over the complete revolution of the said one planet; 

5 The invention also provides apparatus for estimating the contribution, cue to one 

of a plurality of planet gears in an epicyclic gearbox having a ring gear, in a vibration 
signal generated by sensing vibration of a ring gear of the gearbox dining operation of 
the gearbox, comprising means for filtering the vibration signal by application of a filter 
function which models the lime variation of the vibration signal at said location which 
10 would occur if only said one planet gear were proem. 

The mocntion also provides apparatus tor cs'imatmg lite comiibmmu, viae to 
individual ones of a plurality of pi. met geats in an cprcxclie gearbox, in a \ :b:a:io:, snmai 
itcneratcil bv sensing gearbox vibration at a location 0:1 the ling ge.ir of the gc.ubox 
15' during operation ot t!:e gearbox. composing means to: :sl!e::m'. the vibration s:ga.:i by 
application of a Idler (miction \\ Inch models the time .\.<:i.uio:: ot ihe vabratmn signal ,ii 
said hvaiion which would occur it only respcciix e ones o! said plane: ge.n were ;ucs..m: 

The filler faueiion may be of form: 

20 uheie f, is the Itcmtcnev ot rotation of the pi. met c.miei, 

• % t ami n arc cbm.tams, 
t is time; and ■* 

\) i> i he. angulai distance Ivtween the. planet and she transducer at lum: Y--M- 

25 Hie constant n may Ik selected as required, such as tor computational 

convenience, for example a value of 0.5. mav K- Mutable The co:i>uu;t n may K* m the 
range 0 !o F- I , such as I— I . 

The filtered signal i(0 x(i) (•(») may be average*.! to produce a measure of said 
M) contribution, 
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Thc invention also provides a method for estimating the contribution, due to 
individual ones of a plurality of planet gears in an cpicyclic gearbox having a ring gear, 
in a vibration signal generated by sensing vibration of a ring gear of the gearbox during 
operation of the gearbox, comprising filtering the vibration signal by application of a 
filter function which models the time variation of the vibration signal at said location 
which would occur if only respective ones of said planet gear were present. 

The filter function tor individual planet gear /' may Ik of form: 



where f c is the frequency of rotation of the planet carrier; 
a ami n are constants; 
10 P is the numl>cr of planet gears; ami 

. t is time. 



or 



where <{> is the angular position of the planet caniet; 
P identifies the individual planet gear; 
15 and n arc constants; 

I* is the nuinK-r of planet geais. 

The constant a may be selected as inquired, such as for computational 
convenience, for example a value of 0.5 may In: suitable; 
20 The filtered signals ^ \v(:) \\ r (i) is averaged to ptoducc measuies of said 

contributions. 

Usually, the filter functions \\ % should satisfy at least one of the following, and 
preferably both; 



(<0 X) P/W* constant f° r <J> and, 
A/ 

(*) £ P **2*— ) = constant for all <{> 

. where $ is the angular position of the planet carrier; 

is the number of teeth on the planet gears; 
. iV r is the number of teeth on t tie ring gears; and 

A f is the number of rotations of the planet gear over which the signal averaging 
5 is performed. 

Generally, the uKive described mcttuxls and apparatuses according to the 
invention may Ik further applied in accordance with the invention to methods and 
/ . apparatus for determining whether thcte is a fault in an epicyelic gearbox, by 
10 - determining whether the derived component or components of the vibn.tion signal due 
to a selected one oi ones of the planetary gears are such as to tv indicative of a fault. 
In particular, the aforementioned average signals 'may tv compared with each other or 
with external references (or tins purpose. 

15 In another aspect, averages for each of a plurality of planet gears are combined, 

. such as by summing and dividing by the number of gears, and compared with an 
average for the vibration signal it<clf. to ascertain the extent to which information in the 
.-vibration signal has been utilised in practising the method of the invention. In 
particular, if the. averages ate the same, it may tv taken that no information loss has 
2il occurred. 

ITk ring gear vibration may be sensed by positioning the sensor on the ring gear, 
sueh as on or near the outside of this ring gear. 

J> ..." Preferably, the summa'aon ot the windows used tor each planet. >%u) as 
hereinafter defined, is constant for all time /. 



Preferably too, the modulation effect introduced by the use of the window must 
cancel out in the final signal average, or be determinate and reversible. 

The invention is further described by way of example only with reference to the 
.5 accompanying drawings in which: 

Figures (la) and (lb) arc diagrams of an cpicyclic gearbox; 
Figure 2 is a schematic diagram of apparatus for practising the method of the 
invention; 

Figure 3 is a graph showing results obtained fiom demodulations of a vibration 

10 signal; 

Figure A sho.vs graphically die results of tests' per formed using the method of the 
■ invention and a prior art method; 

Figure 5 shows results obtained by performing narrow band en\ elope enhaneemeni 
on separated averages using the method of the invention and two other methods; ami 
15 Figure 6 comprises graphs illustrating the- performance of ibe method of the 

invention as compared with a prior ait method. 

Fpicyclic gearboxes are typically used in applications requiring a large (eduction 
in speed (greater than three to one) at high loads, such as the Una! reduction in the main 

20 rotor gearbox of a helicopter. As shown in f igures 1(a) and 1(b), a tvpieal cpicyclic 
reduction gearbox 10 has three or more planer gears 1.1 each meshing with a sun gear I I 
and a eoaxinlly surrounding ring gear 10, thrive is provided via the sun gear, the ring 
gear is stationary and the planet gears ate connected to a carrier IS for rotation about 
fixed axes on the carrier. Hie carrier IS rotates in relation to both the sun gear and ring 

25 gear. The planet carrier provides the output of the cpicyclic gear train. 

Where t v> , \\ % «»iid i, .ae the rouiionai ucqucncics ol the planet earner, planet and 
sun gear respectively, (as marked in Fig. la) and there ate N t . i\ and N, teeth on the 
ring, planet and sun gears respectively, the meshing frequency of the cpicyclic, f m , is 
30 given by: 



The relative frequencies. f p + f c (Fmj. lb) of each planet gear to the carrier and f, 
- tc (Fig. lb) of the sun gear to the carrier gear arc: 



f p + U = fJN p = f c (N/N,) (2) 

. r.- J; = U\ = C(NV\) (j) 

In practice, the gears will produce not only vibration at .the -tooth meshing 
frequency, but also ;it its harmonies. 

Where it is desired lo monitor the vibration of an epic\vlic gear train a transducer 
20 may mounted 1 mi the outside of the ring gear. This gives :.\c to plane! pass 
modulation i!;ic to the relative motion of the planet gears :>? the transducer livation 

As each p!at:ct appr.-.u;!:' V > the location of the transducer 2i\ an increase in the 
^.amplitude ot the \ihration will be Hvii. teaching a peak when the planet is adjacent to 
the transducer then receding as the planet passes and mo\cs away from the transducer. 
For an cpicyclic gear train with !> planets, this will occur V times per revolution of the 
planet carrier, resulting in an apparent amplitude nusJulation of the signal at frequcnev 

Although the meshing frequency of all planets will tv the same, it is likely that 
there will he a dilJetcnce in phase of the vibration from each planet It the planets are. 
evenly spaced around the planet carrier, then the separation between planets will K* Nr/P 
teeth, llns results in a phase difference between the meshing frequencies of successive 
planets of 2.i{St;V) radians. Unless the value St/V is an integer, the meshing frequencies 
will appear to differ by (2.t(Nr:P) iuikI 2rt), where the Junction "nunl" indicates the 
iwmamuci atier ur. imou, 

'Hie expected vibration signal from a transducer mounted on the ring gear of an 
cpicyclic gear train, including planet pass modulation, phase differences and M harmonics 
of the planet meshing frequency, can be expressed as: 



- K - 



pi 

p-0 



n-l V ' 



(4) 



10 



where: «„(0 is the amplitude modulation due to planet number p. 

A is the actual amplitude of harmonic m on planet p, 
(f + J ) is relative rotation of planet gears. 
N p is the number of teeth on the planet gear, 
N, is the number of teeth on the ting gear. 
U„ is the Matting phase of planet 0. 

The amplitude modulation function ««,(!) due to the planet pass would he expected 
,o.hc symmetrical about the point a. which the planet passes closes, to the t.ausducc. 

wilh the amplitude approaemtn: /em when inv. |-..ua, i.* im.w.v -a w. 

' It is reasonable a> assume th:.t tins lunciion has the f.nm (where planel U ^ ^muM lo 
ho ailjaeenl In the transducer at lime I 0): 



a r (/) ( 1 •co: 



(5) 



15 hi this embodiment of the im cr.tion the sign.il MO is select. eely viiv ided bei.vcen 

appioptiatc planets to p.o-. ide an estimate ol the contiiln.lion Itom each planet. I his is 
'■ done by making an estimate ol the iclalbe .o.mihulions of each planet mesh to the 
overall signal at any time t. 

21) ■'■ The function ti f (l!, in equation. (5) above, is an estimate for the amplitude 

. modulation function as planet |> moved a.ound the ling gear. Hy multiplying the 
vibration signal by a function similar to it.„(t). 



or, more generally 



■ . i 
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signal due to planet p is reinforced, and signal due to other planets is attenuated. The 
estimate of the vibration signal extracted vp(i) for a single planet p is: 

v/f)«.t(0P,(f) O) 



•The following two conditions should normally he n;ct to ensure that the signal 
5 averages extracted using this method are. valid: 

(a) the summation »»! the windows used tor each planet, in equation (S) 

below, :s conMant to: a!! time i and. 
(I>) z ?i c modulation die* • n;';isi;uvd b\ the i:*e t > t the window ;:n:>: cancel out 
|() in the Mrt.il \:y\\A ci.uiie. K dt tc: mm.itc at*;! u^esMhle. . 

Meeting condition fa) ctiM::cs that the sum oJ ilie individual plane? averages is 
proportional to the sum of the :ou! vibration (no lovs of data). It i> shown below inat 
(his condition is 'casdy me! i!" the u;.L*.: of the window is less than the number of planet 
15 gears, 

Condition ;K cuvues that no ari-.tiviai distortion is introduced by the method. In 
tnect this condition, the numK*r n! ,iuf.igcs pa formed should he such that the applied 
window is related an exact integer number of iiir.es in the total period used !or 
20" averaging. Uus will me,m that e\e:> iooih wi!! have had exactly the same accumulated 
window conditions applied over the total time of averaging. 

in uuiea u> kusiiSi ;-.«v. uj ••:g.:.ii uC«.ut%, j •( '» •« 1 1* ** • yt •••>..«.*» 

assigned to each planet uuiM.bc such that the sum of the planet gear signals be 
25 proportional to the original signal. To achieve this the sum of the windows, wfrj, at any 
time t must Isc equal to a constant. The sum of the windows is: 
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P-l 



Expanding: 

where cj arc coefficients of expansion and 

where A is constant and <t k are coefficients of expansion, 
Applying (9) and (10) to equation (S) gives: 

. ^+E £ ^ *E E ^icw^it/,!) £ ccJ*^)^in(A2 K / f Ol5 sinf *4- 



Since 



Esi.^^.j-o y;.r otik 



(in 



(12) 



;md 



f-i 



E«>s|^j a 0/(.r k * 0, /\ 2/',- 
the expression for w(t) in equation will reduce 10 Hie constant: 



(13) 



(14) 



if, and only if, (he window order n is less ilian the numher of planets l\ 



I I 1 1 Vl.p »o|yi'Jnl.J,,xl(l ,„„, 10 



As the discrimination between planets increases with window order, the locical 
choice of window order is the highest wc can achieve whilst keeping equation (11) 
constant for all f t ic an order of one less than the number of planet gears. Usins (his, 
the separated vibration signal estimate for planet />, equation (?) becomes: 

Vi)«j<0P/0^ (15) 

An estimate of the vibration during a single revolution of a planet p can be 
obtained by performing signal averaging of the separated vibration signal r/r), equation 
(15) over *V ensembles, each being one (relative) Nation of the planet gear as described 
in Hi: 



where /* is ifsc lime taken for one (relative) .revolution »f the planet gear. Tiosn equation 
(-) il»»> «>: 



1 < v „ 

T s — — - - — ~ (17) 

/,•/, /A 



ami equation (H>) becomes: 



In the signal averaging process described in *A model for the extraction 
of periodic waveforms by time domain averaging* and "Interpolation techniques 
for the time domain averaging of vibration data with application to helicopter 

iV 

gearbox monitoring - , the vibration signal x(x £) can be viewed as a 

*Y. 

■ ~ iV 
composite of periodic vibratior x(x) and non -periodic vibration e(x+n-£) 

signals* Assuming that .the summation of the non -periodic vibration signal 
tends toward zero, equation (13) can be estimated by: 
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(19) 



Applying equations (9) and (10), with window order of P-l, to equation (19) gives: 
r-i j 



I rV- 1 

cor.(M£ ccs(#nn-^)-sin(*<p)£ s'm(k2nn^) 



«-0 



Nr 
(20) 



where C=l»/lJ^C / o/u/ <p =2rr/ f v 



In equation (20), if 

is an integer atu!, 
is not un integer, 



I N\ 
(a) A' -C 

AM 



am ( n \ n-\ / N \ 

(hen £costafffl-£ *0 am/ £ sin Jfc2it/i-* 

V/T)«* r (T)CVl' M 



= 0, reducing (20) to: 



(21) 



that is, for planet p t the separated signal average v^(t) is a scaled version of tin 
mean vibration signal x (x) if conditions (a) and (b) above arc met. 'Hie scalmj 
constant c can be easily calculated and, in practice, the signal averages can be 
divided by this constant giving the unsealed mean vibration signal. 



f 



^HM.p Vjy i\l iMOtvSJoi.: 14,1 * 
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N 

The condition that ^ ) is an integer is easily met by setting the number 

of averages N to be an integer multiple of the number of teeth on the rins sear 

N 

N r The second condition, that (*^) k not integer, is a function of the 

number of teeth on the planet gears, the number of teeth on the ring gear, 
N f and the order of the window (in this case number of planet gears - V 

-,V 

In practice, it is highly unlikely that the ratio (— ) for any cpicyclic gear is 

such that, when multiplied by an integer between 1 and P-l, an integer results; 
if this was the case, the order of the separating window should be reduced to a 
N 

value n such thai (k — -) is not an integer for any integer k between I and n. 

In the above theoretical development of the technique, it is assumed tha: the 
speed of the cpicyclic gearing is constant. In practice, even for a nominally constant 
speed machine, this is not always the ca<e. To allow for S{x*cd fluctuations all aiu!>>is 
.is done in an 'angular' domain rather than a time domain; this simply involves- the 
5 substitution of an angular reference for the time based variable r in the atvvc theoretical 
development. 



The conversion from the time domain to the angular domain. may Ik done by 
synchronising the vibration signal sampling with an angular reference on one of the 
10 shafts of the gearbox, "Ihc • synchronisation can l>c dime either using phase -locked 
frequency multipliers or by digital, resampling (ie sampling the data plus a angular 
reference at fixed time intervals and then resampling at the required angular positions 
by interpolation). 

15 Iltc procedure used for implementing the planet separation technique described 

is gjvcu sciicui.iitvMiiy u\ i igurc -1- i i ^ ; c i..e luiicmous i ^ I ^ i% ^ cic. ie^4w:^u» i*.c .mi^m*. 
domain versions (relative to planet carrier position R) of the separation functions $Jt) % 
defined in equation (6). This can be implemented cither in hardware, software or a 
combination of the two. After the vibration signal is passed through the /> separation 

20 functions, the individual planet signal averages arc calculated in exactly the same 
fashion 
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as for conventional signal averaging as long as the number of averages is an integer 
multiple of the number of teeth on the ring gear (as detailed above). 

In Figure 2, a planet carrier positional reference (R) is required for the calculation 
5 of the planet separation windows. This can be obtained cither by using a shaft 
cncodcr/tacho on the planet carrier (usually the output of the gearbox) or by software 
synchronisation to the planet pass modulation signal. If a shaft encoder/tacho is used, the 
relative positions of the planet gears, transducer and shaft position reference needs to be 
known to determine the planet separation functions - a zero position for R would be set 
10 at which point a particular planet (/>=() in equation (6a)) is adjacent to the transducer 
location. 

In the case where a carrier positional reference is not directly available, the planet 
carrier position can be estimated by examining the 'planet pass modulation*. This 

15 involves performing a signal average of planet carrier (ring gear) vibration. As each 
planet passes the transducer location the vibration level increases, giving an amplitude 
modulation of the vibration signal. Demodulation of the ring gear signal average about 
the gear mesh vibration (5) is used to determine the modulation peaks as each planet gear 
passes the transducer location. Figure 3 shows the results obtained from demodulation 

20 for a epicyclie gearbox with three planet gears. Here the peaks as each planet passes the 
transducer location can be cleaily seen. The point with the maximum amplitude in the 
demodulated signal average is selected as the zero position for the planet carrier position 
reference (R); this can be done either during post processing of a stotcd vibration signal 
(in which case the same stored signal is used for planet separation) or during real time 

25 processing as a prelude to planet separation (in which case tracking of the planet carrier 
rotation must continue in parallel with the calculation in order to commence planet 
separation at the appropriate point on a subsequent revolution of the planet carrier). 

Enhancement techniques: 

30 Any of the enhancement techniques currently applied to coherently averaged 

vibration data for the purpose of fault detection can \k applied without modification to 
the separated planet gear signal averages provided by the current invention, 
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Narrow Band Envelope: 

In the following examples, the 'kurtosis* of the 'narrow band envelope' 
enhancement of the separated planet gear signal averages is used as an indicator of tooth 
damage. The narrow band envelope enhancement [5] involves the removal of all 
5 frequencies in the signal average except for those in a narrow band centred about one of 
the dominant tooth mesh harmonics. The centre frequency is also removed and the time 
domain envelope (amplitude of the .complex lime representation of the signal) is then 
calculated. This 'narrow band envelope' is a function of the amplitude and phase 
modulation of the centre frequency (tooth mesh harmonic) as represented by the 
. 10 , components in the band chosen. Thai is. it is representative of the deviation from a pure 
sine wave at the selected centre frequency and is used as a measure of the variation in 
the meshing behaviour of individual teeth with respect to the mean meshing behaviour 
of all the teeth on the gear. 

15 The 'kunosis (defined IvimO of this signal is used as a measure of tooth damage.. 

Kurtosis: 

'Kurtosis*' is defined as the fourth statistical moment of a signal about its mean. . The 
kurtosis can be normalised by dividing by the fourth power of the standard deviation of 
20 a signal, providing a non-dimensional measure of isolated peaks in the signal. In tl.c 
following examples kurtosis' is used to mean 'normalised kurtosis' defined (for a discrete 
signal) as: 




**%* 

where: K - normalised kurtosis and 

V = mean value of signal 
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Thc normalised kurtosis for a sine wave is 1.5 and for Gaussian noise it is 3.0. 
Isolated peaks in a signal will give 'kurtosis' values > 3.0. In gear fault detection, the 
, normalised kurtosis is useful in detecting isolated peaks caused when the meshing 
behaviour of one gear t<x)lh is statistically different from the mean meshing behaviour of 
5 all the teeth on the gear. As a general rule of thumb, a 'kurtosis' value >3.5 indicates a 
statistically significant localised change (used here as a 'warning* of a tooth fault) and 
>4.5 indicates a very significant localised change (used here as a 'danger' indication). 

In the following examples, a software implementation of the planet separation 
10 technique has been used. Hits was performed on a PC with an Intel KtMtSA processor, 
Data Translation DT-2S21-G analoguc-to-digital converter and an Online TechFilter 
anti-aliasing filter. 

Figure 4 shows results of the test which was performed on a simulated signal 
15 consisting of eight identical amplitude modulated sine waves; 

sCO^-U ♦c'os(2n/))cos(23tfxl30) 
which were combined by time shifting: 




. 20 The combined signal represents a simplistic model of the fundamental tooth mesh 
vibration from the lower stage epicyclic of a tuirocoptcr Super Puma Mark I helicopter 
main rotor gearbox, which has ei.uht planet pears each havim* .VI teeth, a ritip r.oar with 
130 teeth and a sun gear whh 62 teeth. In the above, the lime variable f represents the 
time taken for one revolution of the planet carrier. That is. t~l represents the time taken 
25 for one complete revolution of the planet carrier, 1=3-1/130 represents the time taken for 
one revolution of a planet gear and 1=62/130 represents the time taken for one revolution 
of the sun gear. 
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A first order amplitude modulation function has been used here. This gives 
individual signals with a maximum amplitude of I, a minimum amplitude of 0 and a 
mean amplitude of 0.5. Higher order modulation functions would give the same 
maximum and minimum amplitudes but a different mean amplitude. 

5 

Planet separation was performed on the simulated signal using the new invention 
previously described (with a window order of- 7 and division by the constant window 
intcgr I to remove scaling effects) and the snapshot technique described in (1) and (2). 
Figure I shows the signal average and its spectrum for one of the separated signals usinc 
10 (a) the new technique and (b) the snapshot technique. The two techniques were applied 
over the same data (t=0 to 10). The new' technique-. Figure -1(a). correctly extracts the 
pure sine wave (34 orders of the planet rotation as seen in the signal average spectrum) 
with a constant amplitude of 0 5 (RMS of .>>), being (he mean amplitude of the original 
. signal. Note that a sc\cnth order window was used for the separation and the actual 
15 modulation was only a fust order (unction: indicating that the relationship between these 
has no inllucncc on the effectiveness of the method, liven in this very simple model the 
snapshot technique. Figure -1(b). introduces discontinuities into the separated signal 
average. ITiesc can be seen as small components at 1 7 and 5 1 orders in the signal, average 
spectrum in 4(b). 11k* signal extracted by the snapshot technique has a mean amplitude 
20 of I (RMS of 0,7). King the maximum amplitude of the original signal. 

The software performed the planet separation by post processing of digitised 
vibration and tacho signals, 

25 Ilic following example was from a. recorded vibration signal of an cpicyclic 

gearbox with three planet gears each having 32 teeth, a sun gear with 2N teeth and a ring 
gear having *)5 teeth A small fault was implanted o^n ol - c t»>oth on one of the planer 
gears [1 ). McFaddcn and Howard [1] suggested they were able to detect this fault with 
. the snapshot technique using 32 averages. This represents approximately 240 seconds (4 

30 minutes) of run time; a similar number of averages for the cpicyclic on the Sea King 
helicopter would require over nine minutes, 
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For this example, the analysis time has been reduced to 75 seconds (10 x 32 
revolutions of the planet carrier). 

Figure 5 shows the results obtained by performing a narrow band envelope 
5 enhancement [5] on the separated signal averages for the faulty planet using (a) the new 
separation technique and (b) the snapshot technique. A 'composite' signal average is also 
shown (c) for comparison (the 'composite' average is simply the result of performing 
regular signal averaging [3.4,5] at the planet rotational speed without trying to separate 
the individual planets). The 'kurtosis' of the narrow band envelopes is used as a measure 
10 of local variation in the tooth meshing behaviour. A kurtosis value greater than 4.5 is 
considered to be a clear indication of a local defect and a value below 3.5 indicates a 
•good' gear. 

The new technique gives a kurtosis of 7.2, clearly indicating the presence of the 
15 fault. Over the same analysis period, neither the snapshot technique (knrtosis-2.4) not 
V the composite averaging (Kurtosis^. K) give any indication of the fault. 

. Figure f> shows the comparative performance of (a) the. McFadden & Howard 
• 'snapshot* technique and (b) the new planet separation technique over varying lengths of 
20 data for the planet gear fault test described above, 'lite graphs show the 'kurtosis' of all 
three planet gears (*Ciear2' is the damaged planet gear. 'Gear V and '(iear3* are undamaged) 
versus the number of 'averages' used for the analysis; the graphs also include the warning 
: (kuitosis=3.5) and danger (kurtosis -4.5) levels for reference. Fach average' represents 32 
revolutions of the planet carrier which; in this case, is approximately 7,5 seconds of data. 
25 Identical data has been used for both methods. 

As can been seen, the difference in performance of the two methods is striking, 
'Ph* 'snapshot' ^''hm'! 1 *'*. Vi'Mire behaves in an erratic fashion: onlv v.iving a clear 
indication of a fault on gear 2 after 20 'averages* and with poor separation of the planets 
30, (ic a false fault indication is seen on gear 3). In direct contrast to this erratic behaviour, 
the new planet separation technique, as seen in Figure 6(b), shows a remarkably 
efficiency ami stability. After only I 'average', a very clear fault indication is given on 
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. gear 2 with relatively good separation (gear 3 just above warning level). After only 3 
'averages 1 excellent fault detection and planet separation has been achieved (no evidence 
of fault in the undamaged gears). After 10 'averages', the new planet separation 
technique has stabilised and very little change occurs with further averaging. 

5 

In the description of the invention given, it wax mentioned that there arc 
preferably constraints on the nature of the filter functions 

More generally, the filter functions \\ p should usually substantially satisfv the 
10 following: 

(°) ]£P f («M- constant for all # and, 
.v-t v. 



(b) 



^2 P/«&* n 2«~ f -) constant for all ij> 



where <> is the angulai [Motion ot the planet carrier; 
A' r is the number ol teeth on the planet gears; 
t\ is the number of teeth on the ring gears; and 

A* is the number of rotations of she planet gear(s) over which the signal 
.15 averaging is pejfm rued. 

Hie required "separation" function achieved by (he filler functions may lv 
viewed as lacing provided by amplitude variation in |l p (*>)- It should \k noted that \\ % ($) 
= I or a 0 (no signal at all) meets these conditions hut will not in general provide 
'- separation of components due to the individual planetary gears. 
"20 In another aspect the invention provides a method of performing selective signal 

averaging on cpicyclic gearboxes comprising filtering a vibration signal arising from use 
of the gear box by application of a filter function which models the variation of the 
vibration signal which would occur if only one planet gear of the gearUvx were present 
. ., In yet another aspect the invention provides a method comprising filtering a 



r «i «•.*>, Vvi-,, J » * t V 
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vibration signal arising from use of a gear box by application of a filter function which 
models the variation of the vibration signal which would occur if respective ones of the 
planet gears of the gearbox were present. 

5 The vibration signal may be represented by a mathematical function of time or 

angular displacement. 
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS: 



I. A method for estimating the contribution, due to individual ones of a plurality 
of planet gears in an cpicyclic gearbox having a ring gear, in a vibration signal 
generated by sensing vibration of a ring gear of the gearbox at a location on the ring 
gear during operation, of the gearbox, comprising filtering the vibration signal by 
application of filter functions which models the time variation of the vibration signal at 
said location which would occur if only respective ones of said planet gear were present, 
said functions, for individual planet gear and, being of form: 

where f. is the frequency of rotation of the planet c. wrier, 

a and n arc constants; 

/' is the number of planet gears: and 

f is time. 

or said filter function being of form 

where is the angular position of Ihc planet carrier; 

/* identifies the individual planet gear; 

ii and n are constants; and 

/* is the number of planet gears; 

wherein the filter functions \\ p satisfy the following: 
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p-\ 

P p (4>) = constant for all (J> and, 
2J p (4>+fc2n— ) = constant for all ({> 

where <{> is the angular position of the planet carrier; 
N p is the number of teeth on the planet gears; 
N f is the number of (ccth on the ring gears; ami 
5 N is the number of rotations of the planet gear over which the signal averaging 

is performed; and 

said constant n is in the range 0 to V-\\ and 

the filtered signal is averaged to produce measures of said contributions. 

10 DATUD this 1st day of August, IWfr 

. COMMONWEALTH 01- AUSTRALIA 
By its Patent Attorneys 
Da vies Collison Cave 
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ABSTRACT 

A method for estimating the contribution, due to one of a plurality of planet gears 
in an cpicyclic gearbox having a ring gear, in a vibration signal generated by sensinc 
5 vibration of a ring gear of the gearbox during operation of the gearbox, comprising 
filtering the vibration signal by application of a filter function which models the time 
variation of the vibration signal at said location which would' occur if only said one 
planet gear were present. 
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